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Abstract

Leukocyte differentials are a useful tool for assessing systemic immunological changes during 

pathogen infections, particularly for non-model species. To date, no study has explored how 

experimental infection with a common bacterial pathogen, Mycoplasma gallisepticum (MG), 

influences the course and strength of hematological changes in the natural songbird host, house 

finches. Here we experimentally inoculated house finches with MG isolates known to vary in 

virulence and quantified the proportions of circulating leukocytes over the entirety of infection. 

First, we found significant temporal effects of MG infection on the proportions of most cell types, 

with strong increases in heterophil and monocyte proportions during infection. Marked decreases 

in lymphocyte proportions also occurred during infection, though these proportional changes may 

simply be driven by correlated increases in other leukocytes. Second, we found significant effects 

of isolate virulence, with the strongest changes in cell proportions occurring in birds inoculated 

with the higher virulence isolates, and almost no detectable changes relative to sham treatment 

groups in birds inoculated with the lowest virulence isolate. Finally, we found that variation in 

infection severity positively predicted the proportion of circulating heterophils and lymphocytes, 

but the strength of these correlations was dependent on isolate. Taken together, these results 

indicate strong hematological changes in house finches during MG infection, with markedly 

different responses to MG isolates of varying virulence. These results are consistent with the 

possibility that evolved virulence in house finch MG results in higher degrees of immune 

stimulation and associated immunopathology, with potential direct benefits for MG transmission.
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Introduction

Host immune responses have been shown to have crucial impacts on the susceptibility and 

transmission of disease (Brunham, Plummer & Stephens, 1993; Schmid-Hempel, 2003; 

Burgner, Jamieson & Blackwell, 2006). Thus, investigating the vast number of evolutionary, 

ecological, and physiological factors that affect the immune function of hosts is critical in 

understanding disease dynamics of a system more broadly. Although the immunological 

responses of naturally-occurring wildlife hosts are relatively understudied, wildlife disease 

systems provide an exciting opportunity to understand how host immune responses vary 

following a pathogen’s initial emergence and evolution (e.g. Grodio et al., 2012; Duggal et 
al., 2014; Vinkler et al., 2018).

One well-studied wildlife disease system for understanding the complex interactions of a 

pathogen with its natural host is the bacterial pathogen Mycoplasma gallisepticum (MG) that 

affects house finches (Haemorhous mexicanus). In 1994, a novel strain of MG emerged in 

eastern North American populations of house finches from domestic poultry and spread 

rapidly throughout eastern house finch populations (Dhondt, Tessaglia & Slothower, 1998). 

After causing an almost 60% decline in the eastern house finch population (Hochachka & 

Dhondt, 2002), MG spread throughout the house finch range in the continental United States 

(Duckworth, Badyaev, Hill & Roberts, 2003; Staley, Bonneaud, McGraw, Vleck & Hill, 

2018). MG infection causes severe conjunctivitis and rhinitis in house finches, ultimately 

decreasing overwinter survival rates of free-living house finches (Faustino et al., 2004; 

Kollias et al., 2004). Since the initial outbreak of MG, several emerging genotypic variants 

have been reported (Pillai et al., 2003; Tulman et al., 2012). Interestingly, MG isolates in 

both eastern and western populations have independently been increasing in virulence 

(Hawley et al., 2013; Bonneaud et al., 2018). Furthermore, there is growing evidence that 

host immunity is contributing to the evolution of higher virulence in this system (Bonneaud 

et al., 2018; Fleming-Davies et al., 2018; Leon, Fleming-Davies & Hawley, 2019), but the 

specific immune mechanisms that underlie this wildlife-pathogen interaction are still largely 

unknown. Finally, this system is particularly amenable to experimental study because house 

finches infected with virulent isolates in captivity do not experience direct mortality; instead, 

infection-induced mortality occurs in the wild when lethargic house finches are unable to 

find food or are depredated (Adelman, Mayer & Hawley, 2017). Thus, we can use 

experimental infections to readily study immunological responses to isolates of distinct 

virulence. Overall, this wildlife disease system is a particularly exciting one for exploring 

wild host immune function and its implications for host-pathogen coevolution.

Although there is an increasing interest in studying immune function of wild hosts, there are 

a number of challenges in developing the appropriate methodologies (Millet et al., 2007; 

Boughton, Joop & Armitage, 2011). One increasingly popular tool being used by ecologists 

to get around these limitations in wild birds is white blood cell differentials (also referred to 

as the leukocyte profile or leukocyte differentials) (Davis, Cook & Altizer, 2004; Krams et 
al., 2012; Zylberberg, 2015). This relatively simple hematological measurement, which does 

not require the species-specific reagents that are often absent for wild species or the terminal 

sampling often required to get sufficient samples from small birds, offers valuable insights 

into the immune responses associated with both stress and infection, with similar patterns 
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observed across taxonomic groups (reviewed in Davis et al. 2008). Of particular interest in 

avian species is the ratio of heterophils to lymphocytes, or the H/L ratio (Müller, Jenni-

Eiermann & Jenni, 2011; Cirule et al., 2012; Krams et al., 2012). Several studies in poultry 

and house finches have documented an increase in this ratio in response to handling stress 

and MG infection (Gross & Siegel, 1983; Branton et al., 1997; Davis et al., 2004; Davis, 

2005; Al-Murrani et al., 2006; Fratto, Ezenwa & Davis, 2014). This is likely due to the 

importance of heterophils (functionally similar to the mammalian neutrophil) in the 

inflammatory and phagocytic response (Latimer et al., 1988; Harmon, 1998; Maxwell & 

Robertson, 1998). Circulating monocytes, which differentiate into macrophages when they 

migrate to specific tissues, also show a proportional increase in response to MG infection, 

but not to stress (Branton et al., 1997; Davis et al., 2008; Shi & Pamer, 2011). As such, 

relative increases in monocytes are typically used as an indicator of an active infection 

(Davis et al., 2008; Shi & Pamer, 2011). While prior studies have detected proportional 

increases in both heterophils and monocytes in free-living house finches with clinical signs 

of MG infection (Davis et al., 2004; Fratto et al., 2014), these field studies were 

correlational, making it difficult to fully determine which components of white blood cell 

ratios were a cause or a consequence of MG infection. Experimental infection studies are an 

important complement to field studies because they allow direct characterization of how 

house finch leukocyte profiles change over the course of MG infection, and the effects of 

isolate virulence on these changes.

In the following study, we attempted to answer the three following questions about the house 

finch immune response to experimental MG infection: (1) How do the proportions of 

circulating leukocytes change over the course of MG infection? (2) How do differences in 

isolate virulence affect the host leukocyte profile? and (3) Within isolates, do host leukocyte 

profiles correlate with infection severity (i.e. conjunctival pathogen load)? To answer these 

questions, we inoculated wild-caught but initially MG-naïve house finches with one of three 

isolates of MG known from prior work to vary in virulence (Hawley et al., 2013; Fleming-

Davies et al., 2018) and performed white blood cell differentials at various time points over 

the course of infection. We selected three isolates that vary both in relative virulence 

(CA2009=low virulence, NC1995=low-medium, VA2013=high virulence) and in geographic 

origin, with the California isolate (CA2009) stemming from a distinct monophyletic clade 

from that of eastern North American isolates (Hochachka et al., 2013). Nonetheless, despite 

detectable genetic differentiation between eastern and western isolates, house finch MG 

isolates appear to have low overall levels of genomic (Tulman et al., 2012) and antigenic 

variability (Grodio et al., 2012).

Based on previous studies done in house finches and poultry (Branton et al., 1997; Davis et 
al., 2004; Fratto et al., 2014), we predicted that there would be an increase in the proportion 

of heterophils and the proportion of monocytes over the course of MG infection. 

Additionally, because past work has shown more virulent MG isolates to be more 

immunogenic in house finches (e.g. Grodio et al., 2012; Vinkler et al., 2018), we predicted 

that the highest virulence isolate (VA2013) in our study (Fleming-Davies et al., 2018) would 

induce a stronger immune response in house finches than lower virulence isolates, 

characterized by a higher proportion of inflammatory cells (i.e. heterophils, monocytes). 

Finally, we predicted that, within isolates, more severe infection (i.e., higher conjunctival 
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pathogen loads) would correlate with a stronger pro-inflammatory response in the house 

finch leukocyte profile. Overall, we hoped to gain a better understanding of the role the 

cellular immune system plays in host-pathogen interactions with implications for disease 

transmission and susceptibility in this system.

Materials and Methods

Experimental Design.

In order to understand how the leukocyte profile changes over the course of infection with 

MG isolates of varying virulence (Questions 1 and 2), we took blood smears at various time 

points from house finches (n=31) experimentally inoculated with MG isolates that we show 

to vary in virulence (see Results), as well as uninfected sham controls (n=8). In addition, we 

quantified the conjunctival pathogen load of all individuals (see methods below) over the 

same infection period to test for correlations between infection severity and observed 

leukocyte profiles (Question 3).

House Finch Capture and Housing.

A total of 65 hatch-year house finches were captured in July-September 2013 in 

Montgomery Co., VA using cage traps and mist nets (permits: VDGIF (044569) and 

USFWS (MB158404–1)), for a separate study (Fleming-Davies et al., 2018). A subset of 

these birds (n=37) split across four treatments groups (Table 1) were used in this study. 

Because we opportunistically obtained blood smears from a randomly selected subset of 

birds during sampling for the above study, we had a slightly unequal male to female ratio 

across treatments (Table 1). However, sex was controlled for in all statistical models (see 

Statistical Analysis).

All 65 captured birds were initially pair-housed for a 14-day quarantine period and captured 

weekly to assess for clinical signs of MG stemming from field exposure prior to capture. All 

individuals were then blood sampled on day 14–16 post-capture and tested via ELISA (as 

per Hawley et al. 2011) for previous exposure to MG. All individuals that were seropositive 

for MG, exhibited clinical signs of MG, or were ever co-housed with an individual that 

exhibited clinical signs of MG were excluded from this study. All birds received ad libitum 
water and pelleted diet (Daily Maintenance Diet, Roudybush Inc. Woodland, CA) for the 

entirety of the experiment. Two weeks prior to inoculation, all birds were housed singly in 

wire mesh cages (18” x 18” x 36”) under constant temperature and day length (12L:12D) 

across three rooms. Treatments were randomized across the three captive rooms. All housing 

and experimental protocols were approved by Virginia Tech’s Institutional Animal Care and 

Use Committee prior to the start of the study.

Timeline.

Blood smears for all 39 individuals used in this study were initially taken seven days prior to 

inoculation to obtain a baseline measurement. At day 0, all house finches were inoculated 

with one of three MG isolates (Table 1) or with sterile Frey’s bacterial media with 15% 

swine serum (FMS) as a sham control treatment. A blood smear was taken from each 

individual at 4, 8, 12 or 24 hours post-inoculation (PI). Birds were randomly assigned to 
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only one of these four early blood samples in order to avoid taking too much blood volume 

from these small animals. However, because we only had 2–3 individuals per treatment / 

time point combination, samples taken from 4–24 hours post-inoculation were all considered 

to be “day 0” for the purposes of this study. From then on, blood smears were taken from 

every individual at days 3, 7, 14, 28, and 42 PI. Sampling of infection severity (pathogen 

load) occurred at −7, 7, 14, 28, and 42 days PI (see methods below), while sampling of 

disease severity (eye score) for assessing isolate virulence occurred at −7, 3, 7, 14, 28, and 

42 days PI (see methods below).

Inoculation.

Birds were bilaterally inoculated in the palpebral conjunctiva of each eye with a total of 0.04 

mL of one of the four treatments (Table 1). All stock MG inocula were grown in FMS and 

stored at −80°C prior to use (Kleven, 2008). Both the VA2013 isolate (2013.089–15(2P) 

9/13/13) and NC1995 isolate (13295–2 (5P) 1/13/10) were diluted with FMS to the 

approximate concentration of the CA2009 isolate (2009.061–1 (3P) 10/25/10), so birds 

across all MG treatments received the same approximate dose (1.87 x 107 color changing 

units/mL). All stock inocula were provided by D. H. Ley, North Carolina State University, 

College of Veterinary Medicine, Raleigh, NC, USA.

Quantifying Leukocyte Profiles.

We collected blood samples by puncturing the brachial vein of each house finch with a 

sterile 26-guage needle and collecting the blood in 20uL plastic EDTA coated capillary 

tubes. The two-slide-wedge technique was used to prepare the smears after bleeding, as per 

Walberg 2001. Once the smears had air-dried, they were fixed in methanol and stained using 

Wright-Geisma Quik Staining. Using a magnification of 1000X, one observer (NB), who 

was blind to each bird’s treatment, counted the first 100 white blood cells seen on an even 

monolayer of cells for each smear. Following Campbell 1995, white blood cells were further 

identified as a heterophil, lymphocyte, monocyte, eosinophil, or basophil. Once all smears 

had been read, the proportion of each cell type and the H/L ratio was calculated for each 

individual across all time points. A single observer read all of the smears for this study to 

limit a potential effect of observer.

To assess the repeatability of the leukocyte counts, 15 random smears were recounted by the 

same individual responsible for all of the original counts (NB). Pearson’s correlations were 

used to assess the similarity of the counts for each type across the two smears. Correlation 

coefficients for lymphocyte, heterophil and eosinophil proportions all exceeded 0.95. 

Monocyte proportions had a correlation coefficient of 0.68 and basophil proportions had a 

correlation coefficient of 0.55. Monocytes and basophils are the least abundant cell types 

(see Fig 2D, F), and as such, it is not unexpected to find a higher degree of variation in 

repeated counts for these two cell populations, given that different parts of the smear are 

randomly viewed when repeated counts are made.

Quantifying Infection Severity.

We quantified the presence and load of MG in the conjunctiva as a measure of infection 

severity via qPCR. The left and right conjunctiva of each house finch was individually 
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swabbed for 5 seconds with a sterile cotton swab pre-dipped in tryptose phosphate buffer 

broth (TPB). Following swabbing, the tip of each swab was placed in 300 µl of sterile TPB 

(combining samples from each conjunctiva), swirled, and wrung out on the inside of the tube 

to remove any liquid before being discarded. All tubes were then placed on ice for transport 

and stored in a −20°C freezer to await DNA extractions.

The genomic DNA of all conjunctival swabs was extracted using Qiagen DNeasy 96 Blood 

and Tissue Kits (Qiagen, Valencia, CA). The quantitative PCR assay that was used to 

quantify pathogen load targeted the mgc2 gene of MG using primers and a probe, as per 

Grodio et. al. (2008). Each qPCR reaction contained 5 μl of DNA sample along with 7.5 μl 

IQ™ Supermix (2X), 0.375 μl each of a 10 μM forward and reverse primers, 0.225 μl of a 10 

μM probe, and 3.25 μl of DNase-free water giving a final volume of 15 μl per reaction. All 

qPCR reactions for this experiment were run using a Bio-Rad CFX-98 C1000 Touch Real 

Time PCR System under the following cycling parameters: 95°C for 3 sec and 40 

amplification cycles at 95°C for 3 sec and 60°C for 30 sec at a ramp rate of 0.5 degree/sec. 

Additionally, standard curves were generated using 10-fold serial dilutions of plasmid 

containing a 303 bp mgc2 insert (Grodio, Dhondt, O’Connell & Schat, 2008). The curve was 

produced using 1.15 x 102 to 1.15 x 107 copy numbers. The mgc2 copies found in both eyes 

of an individual were summed across sampling dates and then log10 transformed prior to 

analysis.

Quantifying Isolate Virulence.

We quantified the severity of visible eye lesions as a measure of isolate virulence. As per 

Sydenstricker et al. 2006, eye lesions were scored on a 0–3 scale that followed this criteria: 

0=no detectable swelling or eversion, 1=minor swelling around the ring of the eye, 

2=moderate swelling and eversion of the conjunctival tissue, 3=the eye nearly hidden by 

swelling and crusted exudate. All scoring was done blind to treatment. For each sampling 

date, lesion scores for each eye (right and left) were summed for each individual. Prior work 

has demonstrated that the severity of visible eye lesions is correlated with a reduction in 

anti-predator behaviors (Adelman et al., 2017) and higher mortality in the wild (Faustino et 
al., 2004). Thus, we use the severity of eye lesions as our primary metric of disease-induced 

mortality, or virulence, in this system (Hawley et al., 2013). As a second metric of virulence, 

quantitative pathogen loads (see above – Quantifying Infection Severity) were also analyzed. 

However, the use of pathogen loads as a metric of virulence (as done in Fleming-Davies et 
al., 2018) yields very similar results, because across isolates, pathogen load and virulence 

are strongly correlated (Hawley et al., 2013).

Statistical Analysis.

All statistical analyses were run using R (R Core team, 2015). Cell population proportions 

were arcsine square-root transformed prior to analysis to normalize the variance in the data 

(Davis et al., 2004). Heterophil:lymphocyte (H:L) ratios were not transformed, but were 

analyzed as calculated ratios, as per prior work (Davis et al., 2004).

Quantifying Isolate Virulence.—To confirm that the MG isolates used in this study 

varied in virulence as in prior work (Hawley et al., 2013; Pflaum et al., 2017), we tested 
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whether isolate treatment influenced the degree of clinical signs that predict mortality risk in 

the wild (Faustino et al., 2004; Adelman et al., 2017). To assess the degree of virulence for 

each isolate, we took the sum of eye scores recorded for each individual across five total 

post-infection measurements. We then used analysis of variance to test whether total eye 

score over the course of infection varied with treatment (control, CA2009, NC1995, and 

VA2013). We performed Tukey-Kramer post-hoc tests, which controlled for multiple 

comparisons, to determine which pairwise treatment combinations significantly differed 

from each other. We did the same for conjunctival pathogen load (summing across four post-

infection measurements) as a secondary metric of virulence. Pathogen loads positively 

covary with eye score among isolates in this system (Hawley et al., 2013), and pathogen 

loads have previously been used as a metric for virulence in this system (Fleming-Davies et 
al., 2018). Differences among isolates in total pathogen loads were analyzed in the same 

fashion as total eye score.

Temporal Effects of MG Infection on Leukocyte Profiles.—To determine how 

house finch leukocyte populations vary during the course of MG infection, we examined 

temporal effects of sham-inoculated control birds versus those inoculated with VA2013, the 

most virulent isolate used in our study (see Results). We examined only the most virulent 

isolate for this analysis to maximize the likelihood of detecting temporal effects with our 

small sample size. We ran linear mixed models on repeated measures (seven smears from 

each bird taken on days −7, 0, 3, 7, 14, 28, and 42 post-inoculation) of each leukocyte cell 

population proportion and H:L ratios. Fixed effects for each model included treatment 

(control or VA2013), sex, post inoculation day (PID), and all pairwise interactions. Post-

inoculation day (PID) was treated as a categorical factor to account for the fact that host 

responses to MG infection are acute and thus non-linear over the time course examined. 

Individual bird ID was included as a random effect for each model to account for the non-

independence of repeated measures from the same individuals. All two-way interactions 

between fixed effects were initially tested, but only included in final models when 

statistically significant at an alpha level of 0.05. However, because we were specifically 

interested in the interaction between treatment and PID (aka, we expected cell populations to 

change with time for VA2013-treated birds, but not control-treated birds), we left the 

interaction between treatment and PID in the final models even when non-significant.

Effects of Virulence on Leukocyte Profiles.—To examine how isolate virulence 

altered leukocyte populations during MG infection, we examined the effect of all treatments 

(control, CA2009, NC1995, or VA2013) on leukocyte proportions on day 14 post-

inoculation. We focused on day 14 for the analysis of isolate effects, because temporal 

analyses indicated that this time period showed the peak change for most leukocyte 

populations (see Results). Because each individual was only represented once in this 

analysis, we used general linear models, with treatment, sex, and their pairwise interaction 

as the predictor variables. Again, pairwise interactions were removed when non-significant. 

For cell types with significant effects of treatment, we performed Tukey-Kramer post-hoc 

tests on all pairwise combinations to determine which treatments significantly differed from 

each other.
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Within-Isolate Effects of Infection Intensity on Leukocyte Profiles.—Finally, we 

examined whether variation in infection intensity among individuals within isolate treatment 

predicted leukocyte proportions during MG infection. Here, data for control individuals and 

data collected prior to experimental inoculation (day 0) were excluded, because we were 

specifically interested in variation in infection intensity during the course of experimental 

infection. We used mixed linear models, with treatment (CA2009, NC1995, or VA2013), 

infection intensity, treatment*infection intensity (our variable of interest for determining 

within-isolate effects), sex, and post-inoculation day (again, treated as a categorical factor). 

We initially included pairwise interactions between treatment, sex, treatment and PID, but 

because none were significant, they were removed from final models. Because we were 

specifically interested in the interaction between treatment and infection intensity, which 

would indicate that the effect of infection intensity on leukocyte populations varies by 

isolate, that pairwise interaction was left in all models, even when non-significant.

Results

Correlations Among Leukocyte Proportions.

We quantified correlations among the white blood cell types examined using Pearson’s 

correlations. Lymphocyte proportions were found to significantly and negatively correlate 

with heterophil (-0.74, p<0.0001), monocyte (-0.47, p<0.0001), and eosinophil (-0.39, 

p<0.0001) proportions. Heterophil proportions were also found to negatively correlate with 

basophil proportions (-0.20, p<0.001), and positively correlate with monocyte proportions 

(0.22, p<0.001).

Quantifying Isolate Virulence.

As predicted based on past work (Hawley et al., 2013), we found significant effects of 

treatment on virulence, as measured by total eye score (F3,333.38=29.154, p<0.0001) and 

total pathogen load (F3,545.7=35.632, p<0.0001) across infection. Post-hoc tests indicated 

that all four treatments differ significantly from each other for total pathogen load (p<0.027 

for all pairwise comparisons). For total eye score, VA2013 resulted in significantly higher 

eyes scores than all other treatments (post-hoc comparisons, all p<0.0001). Total eye scores 

for the NC1995 (“low-medium” virulence) treatment were significantly higher than for the 

control treatment (p=0.04) but did not significantly differ from the CA2009 treatment 

(p=0.22). Further, total eye scores for the CA2009 treatment did not significantly differ from 

the control sham treatment (p=0.41). Overall, consistent with past work (Hawley et al., 
2013; Fleming-Davies et al., 2018), the VA2013 isolate was the most virulent of the isolates 

used. However, NC1995, which was previously categorized as being of medium virulence, 

did not significantly differ from CA2009 (low virulence) in post-hoc tests for eye score, 

despite qualitative differences in eye score and significant differences in pathogen load 

between these isolates (Figure 1). Because this isolate has been quantified as being of 

medium virulence in previous work (Hawley et al., 2013; Fleming-Davies et al., 2018), 

significantly differed from controls, unlike our low virulence isolate (CA2009), and had 

pathogen loads which were significantly greater than CA2009, we conservatively 

categorized this isolate as being of “low-medium” virulence.
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Temporal Effects of MG on Leukocyte Profiles.

We found strong temporal effects of infection with a virulent MG isolate (VA2013) on 

leukocyte populations in house finches. The interaction between PID and treatment (Control 

or VA2013) was a significant predictor of the proportions of heterophils (Treatment*PID: 

F6,94.47 = 7.83, P <0.0001), lymphocytes (Treatment*PID: F6,94.67 = 2.54, P=0.025), 

monocytes (Treatment*PID: F6,94.60 = 3.76, P =0.0021), eosinophils (Treatment*PID: 

F6,94.45 = 2.49, P=0.028), and H/L ratios (Treatment*PID: F6,94.69 = 5.47, P <0.0001). 

Basophil proportions showed significant effects of PID (F6,94.79 = 5.71, P <0.0001) as a 

main effect, but the interaction between PID and treatment was not statistically significant 

(F6,94.70 = 1.34, P = 0.25). The kinetics of the various cell populations were distinct in some 

cases, but in general, changes in cell proportions peaked between days 7 and 14 post-

inoculation for infected individuals with lymphocytes showing a marked decrease, and 

heterophils and monocytes showing a marked increase (Fig 2). Sex was not a significant 

predictor of leukocyte proportions either alone (all F1,16.045 <1.51, all P > 0.39) or in 

interaction with treatment or PID.

Effects of Isolate Virulence on Leukocyte Profiles.

Isolate treatment significantly influenced the proportions of most cell types at day 14 post-

inoculation, including heterophils (F3,34 = 8.84, P =0.00018), lymphocytes (F3,34 = 9.38, P 

=0.0001), monocytes (F3,34 = 2.94, P =0.046), and H/L ratios (F3,34 = 6.54, P =0.0013). 

There were no significant effects of treatment on the proportions of eosinophils (F3,34 = 

0.169, P =0.91) or basophils (F3,34 = 1.80, P =0.16). Pairwise tests generally showed that the 

CA2009 (low virulence) isolate did not differ significantly from controls (Fig 3; all Post-hoc 

Control-CA2009 comparisons, P>0.23), suggesting that the lowest virulence isolate 

generally did not cause leukocyte profiles to deviate from those of sham controls. The 

NC1995 (low-medium virulence) and VA2013 (high virulence) isolates significantly differed 

from the control and CA2009 (low virulence) treatments for both heterophil and lymphocyte 

proportions (Post-hoc tests, all pairwise P<0.012). Finally, sex was not a significant 

predictor of any cell proportions on day 14 post-inoculation (F1,34 <2.85, P >0.10).

Effect of Infection Intensity on Leukocyte Profiles.

Infection severity, measured as conjunctival pathogen loads, significantly influenced 

lymphocyte and heterophil proportions, but this relationship varied with isolate (treatment * 

infection intensity: F2,92.38 > 3.54, P = 0.033). Infection intensity was positively associated 

with heterophil proportions for the high (VA2013) and low-medium virulence isolates 

(NC1995) (Fig 4A). However, there was no relationship between infection intensity and 

heterophil proportions in the lowest virulence treatment (CA2009). Lymphocyte proportions 

generally decreased with infection intensity for the low-medium (NC1995) and high 

virulence (VA2013) isolates but, similar to heterophils, did not vary with infection intensity 

in the lowest virulence (CA2009) treatment (Fig 4B). Despite significant effects on both 

lymphocyte and heterophil proportions, the interaction between infection intensity and 

treatment did not reach statistical significance for H/L ratios (F2,101.188 = 2.47, P = 0.089). 

Finally, infection intensity, either alone or in interaction with treatment, did not predict 

proportions of any other cell type (all F < 2.54, all P > 0.08).
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Discussion

Here, we performed the first experimental study of house finch leukocyte responses to a 

common bacterial infection, MG, which has evolved in virulence since its emergence in 

house finches. First, we show strong temporal effects of the cellular immune response to 

MG in house finches, and a cellular response characterized by increases in pro-inflammatory 

cell types. Second, we show variation in the strength of house finch leukocyte responses 

with isolate virulence, which has increased since MG emerged in house finches. Finally, we 

show correlations between the degree of infection severity among individuals and the 

strength of heterophil and lymphocyte changes, but only for the low-medium and high 

virulence isolates. Overall, our results indicate that house finches have a marked, pro-

inflammatory cellular response to MG infection, and the strength of this response varies with 

the degree of infection severity both within- and among-isolates.

We first examined temporal effects of experimental MG infection on the cellular immune 

response in house finches by comparing leukocyte profiles of sham-inoculated finches to 

finches inoculated with the highest virulence isolate used in our study (VA2013). Based on 

previous studies (Branton et al., 1997; Davis et al., 2004) we predicted that there would be a 

significant increase in the proportion of monocytes and heterophils in MG-infected house 

finches over the course of infection. We found strong support for that prediction, as we 

detected significant interactions between infection treatment and time for both monocytes 

and heterophils, with the proportions of both cell types increasing in response to MG 

infection (Fig 2A, D). These cell types generally peaked at day 7 or 14 post-inoculation, 

which corresponds to the time point of peak conjunctivitis severity in captive house finches 

(Kollias et al., 2004). Previous work from Davis et al. 2004 found similar increases in 

monocyte and heterophil proportions when sampling wild-caught house finches with visible 

signs of conjunctivitis. Furthermore, studies conducted on poultry infected with MG (Kerr & 

Olson, 1970; Branton et al., 1997), as well as a variety of other avian bacterial infections 

(Harmon, 1998; Shi & Pamer, 2011), show increases in heterophil and monocyte proportions 

in response to infection. Our results thus corroborate these past studies and indicate the 

importance of heterophils and monocytes in responding to MG infection in experimentally 

infected house finches.

In contrast to patterns in heterophils and monocytes, a significant decrease was observed in 

the mean proportion of circulating lymphocytes in VA2013-infected birds. However, the 

proportions of lymphocytes were negatively correlated with both heterophil and monocyte 

proportions in our study (see Results), and thus decreases in lymphocyte proportions may 

simply reflect the temporal increases in those cell types. Decreases in lymphocyte 

proportions were not observed in free-living house finches with clinical signs of MG 

infection (Davis et al., 2004), but similar to our study, lymphopenia, or a relative decrease in 

lymphocytes, has been shown in MG-infected poultry with high H/L ratios (Kerr & Olson, 

1970; Branton et al., 1997). While the detected lymphopenia in both house finches and 

poultry during MG infection are likely largely driven by proportional changes in other cell 

types, work in poultry has demonstrated lymphopenia, determined via absolute counts, can 

result from increases in certain stress hormones, such as corticosterone (Gross & Siegel, 

1983), and corticosterone concentrations were recently shown to increase in house finches 
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during MG infection (Love et al., 2016). Thus glucocorticoid-induced redistribution or 

‘trafficking’ of lymphocytes to the lymph nodes (Mashaly et al., 1998; Dhabhar, 2002) could 

potentially also contribute to the observed lymphopenia during MG infection, but 

quantification of absolute cell counts is needed to robustly demonstrate this.

Consistent with the observed increase in the mean proportion of heterophils and decrease in 

the mean proportion of lymphocytes as infection peaked (Fig 2A–B), H/L ratios were shown 

to have strong temporal dynamics, with a peak increase occurring at day 7 post-inoculation 

(Fig 2C). These results are consistent with a variety of avian studies that indicate that H/L 

ratios increase during infection (e.g., Branton et al., 1997; Davis et al., 2008; Krams et al., 
2012; Fratto et al., 2014). Since both heterophilia and lymphopenia were observed, changes 

in the proportion of both cell types are important in driving the increase in H/L ratios in 

MG-infected house finches. This is in contrast to the results of Davis et al. 2004, which 

indicated that only heterophil proportions were likely driving the increase in H/L ratios in 

free-living house finches with clinical signs of MG. However, the fact that wild-caught birds 

in that study were likely at different stages of infection at the time of capture may have 

interfered with the detection of lymphocyte responses. Thus, sampling experimentally-

infected birds allowed us to capture these specific cell dynamics that may have been 

obscured in previous studies. Teasing apart the relative effects of stress and infection on H/L 

ratios is a significant challenge since they are so closely tied (reviewed in Davis et al. 2008) 

but will be important in future studies to understand what drives the cellular immune 

response to MG in house finches.

Eosinophils also showed decreases over time in VA2013-infected house finches, with a peak 

reduction at day 14 (Figure 2E). However, as with lymphocytes, a decrease in the relative 

mean proportion of eosinophils at peak infection might be a product simply of the relative 

increases of other cell types, particularly given that eosinophil proportions during infection 

were largely equivalent to those of sham-inoculated birds. The only examined cell type that 

did not show a significant temporal effect in our study was basophils. However, because this 

cell type was the rarest in our study, and thus our detections of basophils were the least 

repeatable, it is difficult to draw robust conclusions about this cell type.

In addition to temporal effects during infection, we examined the effects of differential 

isolate virulence on host leukocyte profiles. We predicted that the higher virulence isolate 

(VA2013) would stimulate a stronger cellular immune response characterized by a higher 

proportion of monocytes and heterophils than lower virulence isolates. In keeping with our 

prediction, we found that house finches infected with the high virulence isolate (VA2013) 

and the low-medium virulence isolate (NC1995) did indeed induce significantly higher mean 

proportions of heterophils (Fig 3A), higher H/L ratios (Fig 3C), and significantly lower 

mean proportions of lymphocytes (Fig 3B) in comparison to sham control house finches or 

those inoculated with the lowest virulence isolate examined (CA2009). The proportion of 

circulating monocytes also showed significant differences across treatments in our model but 

did not show any significant pairwise differences in post-hoc tests (Fig 3F). Our results 

corroborate the results of Davis et al. 2004, who showed that differences in the severity of 

conjunctivitis, our proxy for virulence, were correlated with the proportion of circulating 

heterophils and monocytes among free-living house finches with MG. Furthermore, the 
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strength of the house finch humoral response and the strength of cytokine responses are 

known to correlate positively with increasing MG isolate virulence (Grodio et al., 2012; 

Vinkler et al., 2018). Since cytokines are important in regulating white blood cell synthesis, 

recruitment, and distribution (Klasing, 1994), the differential cytokine expression produced 

by isolates of distinct virulence might likewise affect the strength and timing of changes in 

leukocyte populations.

Although we saw significant effects of isolate treatment on leukocyte responses, post-hoc 

tests suggested that the high and low-medium virulence isolates produced largely similar 

cellular immune responses, despite significant differences in the degree of disease severity 

produced (Fig 1). Furthermore, the lowest virulence isolate produced cellular immune 

responses that were generally not distinguishable from the sham treatment group. This may 

indicate the presence of a threshold effect, whereby only the low-medium and high virulence 

isolates produce sufficiently high infection intensities to exceed the threshold for a strong 

and largely similar cellular immune response. Indeed, low virulence MG isolates are 

associated with lower pathogen loads than higher virulence isolates (Fig 1B; Hawley et al., 
2013; Leon et al., 2019), and correspondingly, subthreshold levels of antigen are known to 

elicit suboptimal immune responses (Murphy & Weaver, 2017). Overall, our results and 

those of past work demonstrate the potential for differential interaction of the house finch 

immune response with isolates of distinct virulence. However, it is important to note that one 

caveat of our approach is that we examined all isolate differences at day 14 post-inoculation 

to eliminate confounding effects of temporal patterns, which may have masked isolate-

specific variation that was present in the response kinetics. Further, due to the relatively 

small number of isolates used (n=3 total isolates), we are unable to definitively determine 

whether the detected differences are strictly due to differences in pathogen virulence, or 

another pathogen trait.

Our final goal was to examine whether individual variation in leukocyte profiles within 

treatments can be predicted by variation in infection severity, measured as conjunctival 

pathogen burden. Because the isolates vary in the average degree of conjunctival pathogen 

load that they produce (Hawley et al., 2013; Fig 1B), we examined relationships between 

pathogen load and leukocyte counts while controlling for isolate. We found that only the 

proportions of circulating heterophils and lymphocytes were significantly predicted by 

infection severity, with positive and negative correlations observed, respectively (Fig 4A–B). 

However, these associations were dependent on isolate, wherein significant correlations 

between leukocyte counts and infection severity were present only in the high and low-

medium virulence treatment groups. This relationship between individual pathogen load and 

heterophil proportions may help explain the detected isolate-specific variation in the strength 

of certain cellular responses noted above. Although lymphocytes showed significant 

negative correlations with infection intensity, this may be entirely driven by the strong 

negative correlation observed between these two cell types, and thus may represent an 

indirect effect of the response of heterophils to increasing infection severity (Fig 4A).

However, what remains unclear is why individuals exposed to the lowest virulence isolate 

show no detectable association between infection severity and heterophil proportions, 

particularly when some individuals in the lowest virulence treatment harbored quite high 
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pathogen loads at particular post-inoculation time points (x-axis, Fig 4). This suggests that 

the lack of differences among isolates is not solely a result of the conjunctival loads 

produced by these isolates at a single time point. For example, high pathogen loads may 

need to be sustained to reach potential thresholds for mounting immune responses. While 

the presence of a pathogen load threshold is speculative pending further study, one reason 

for evolving such a threshold is that heterophils, while undoubtedly offering a protective 

benefit against bacterial infection in their phagocytic capabilities, are also associated with 

certain immunopathological costs (Harmon, 1998). At lower pathogen loads, the protective 

benefit of heterophil responses may not outweigh the cost of increased inflammation for host 

fitness. On the other hand, the lack of immune responsiveness to high pathogen loads of 

CA2009 could represent some other unmeasured difference between the isolates used, such 

as antigenic differences between western versus eastern-origin isolates. However, 

immunoblot analyses on eastern versus western house finch MG isolates distinct from those 

used in this study found that sera from birds infected with two eastern isolates (NC2006 and 

VA1994) reacted with strong intensity to CA2006-specific antisera (Grodio et al., 2012). 

This suggests that the observed differences in immunogenicity of distinct isolates may not 

be due antigen specificity or identity, but further work is needed to determine what other 

traits of isolates may be important in this system.

Overall, our results indicate that house finches have a marked cellular immune response to 

MG infection, but the strength of this response correlates with isolate virulence, with more 

virulent isolates inducing a significantly stronger pro-inflammatory response than lower 

virulence isolates. Our results are consistent with the possibility that inflammatory responses 

produced during mycoplasmal conjunctivitis infection are largely immunopathological 

(Vinkler et al., 2018), with significant consequences for transmission and, more broadly, co-

evolutionary processes in this system (Graham, Allen & Read, 2005). Increases in the 

severity of conjunctival pathology in experimentally infected birds are known to increase the 

deposition rate of MG onto feeders (Adelman et al., 2013). Thus, it may be that higher 

virulence isolates directly benefit when hosts up-regulate aspects of their immune function 

(such as the proportion of circulating heterophils), because the more severe conjunctival 

inflammation, tissue damage, and exudate that result can augment transmission. Further, in 

chickens, a misdirected inflammatory response has been found to facilitate MG invasion of 

the conjunctiva and upper respiratory tract (Gaunson et al., 2000, 2006; Mohammed et al., 
2007). Overall, our results suggest that house finch pro-inflammatory responses, including 

heterophilia, are not necessarily always protective in this system and may even be 

influencing transmission dynamics. This potential mechanism of pathogen manipulation of 

inflammation may be increasingly important for the fitness of MG because house finches are 

known to be evolving towards partial resistance or tolerance (Bonneaud et al., 2011, 2019; 

Adelman et al., 2013). While our results here are limited to leukocyte profiles, future work 

should explore other immune metrics to enhance our mechanistic understanding of the host 

immune response to isolates of varying virulence. Because of the ongoing co-evolution 

occurring between host and pathogen in this system, understanding how the house finch 

immune system responds to pathogen isolates of differing virulence has critical implications 

for understanding disease dynamics and host-pathogen evolution more broadly.
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Research Highlights

• House finches show a marked pro-inflammatory response to M. gallisepticum 
infection

• Virulent pathogen isolates produce stronger finch white blood cell (WBC) 

responses

• Among birds, stronger WBC responses are associated with higher infection 

severity

Bale et al. Page 18

Avian Pathol. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The total degree of conjunctivitis (A) and log10 pathogen load (B) produced by each 

treatment (control or infection with one of three Mycoplasma gallisepticum isolates). The 

M. gallisepticum isolates are ordered from least to most virulent (left to right) based on the 

results of prior work (Hawley et al., 2013). The degree of eye score was visibly scored on a 

0 to 3 scale for each eye and summed within individuals (left + right) on a given sampling 

day, for a maximum value of 6. Here, we summed the eye score for each individual across 

five total measures taken post-inoculation (A). We also summed the quantitative pathogen 

load across four total measures taken post-inoculation (B). Distinct letters above each bar 

represent means that were significantly different (p<0.05) via Tukey post-hoc tests that 

controlled for multiple comparisons.
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Figure 2. 
Boxplots of the proportion of circulating leukocytes in house finches inoculated with either a 

sham treatment (n=8; light gray) or high virulence (n=10; dark gray) isolate of Mycoplasma 
gallisepticum at 7 distinct time points over the course of infection. The proportion of 

heterophils (A), lymphocytes (B), H/L ratios (C), monocytes (D), and eosinophil (E) all 

showed significant interactions between post-inoculation day and treatment. Basophils (F) 

only showed a significant effect of post-inoculation day. Note that the y-axis differs between 

individual graphs.
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Figure 3. 
The mean proportion of lymphocytes (A), heterophils (B), H/L ratios (C), monocytes (D), 

eosinophils (E) and basophils (F) of house finches 14 days post-inoculation with either 

media alone (control) or an isolate of Mycoplasma gallisepticum with low (CA2009), low-

medium (NC1995), or high (VA2013) virulence (x-axis, isolates increase in virulence from 

left to right). The timepoint of 14 days post-inoculation was selected as it represents the 

peak of infection and disease severity. Distinct letters above bars indicate means that 

significantly differed by pairwise post-hoc tests that controlled for multiple comparisons 

(p<0.05). Asterisks represent marginal insignificance. Points represent individual birds. The 

mean proportion of monocytes (D), eosinophils (E) and basophils (F) did not differ across 

isolates by pairwise post-hoc tests and thus do not show distinct letters above bars. Note that 

the y-axis differs between individual graphs. Although isolates are ordered from lowest to 

most virulent (left to right) for visual clarity, isolate was treated as categorical for all 

analyses.
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Figure 4. 
Measure of the proportion of circulating heterophils (A) and lymphocytes (B) relative to 

infection severity (as measured by conjunctival pathogen loads) in house finches inoculated 

with one of three isolates of Mycoplasma gallisepticum (see legend). Both the high virulence 

isolate (VA2013) and low-medium virulence isolate (NC1995) show correlations between 

infection severity and the proportion of circulating heterophils (A) and lymphocytes (B). In 

contrast, the low virulence isolate (CA2009) does not show any associations between 

infection severity and heterophil or lymphocyte proportions. All other leukocyte types did 

not significantly predict infection severity (not shown). Note that the y-axis is different for 

individual graphs. Here, each individual is represented multiple times as repeated measures 

post-infection. This was controlled for in the statistical analysis using random effects.
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Table 1.

Treatments and sample sizes. All birds received an inoculation with media alone (sham control) or a low 

(CA2009), low-medium (NC1995), or high (VA2013) virulence isolate of Mycoplasma gallisepticum.

Sham Control Low Virulence Isolate (CA2009) Low-Medium Virulence Isolate 
(NC1995) High Virulence Isolate (VA2013)

Males 4 6 4 6

Females 4 4 5 4

Total 8 10 9 10
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